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We evaluated breast cancer mortality
through 1997 among 69 525 female ra-
diologic technologists who were certi-
fied in the United States from 1926
through 1982 and who responded to
our questionnaire. Risk of breast can-
cer mortality was examined according
to work history and practices and was
adjusted for known risk factors.
Breast cancer mortality risk was
highest among women who were first
employed as radiologic technologists
prior to 1940 (relative risk [RR] =
2.92, 95% confidence interval [CI] =
1.22 to 7.00) compared with risk of
those first employed in 1960 or later
and declined with more recent calen-
dar year of first employment (P for
trend = .002). Breast cancer mortality
risk increased with increasing num-
ber of years of employment as a tech-
nologist prior to 1950 (P for trend =
.018). However, risk was not associ-
ated with the total number of years a
woman worked as a technologist.
Technologists who first performed
fluoroscopy (RR = 1.69, 95% CI =
1.02 to 3.11) and multifilm procedures
(RR = 1.87, 95% CI = 1.04 to 3.34)
before 1950 had statistically signifi-
cantly elevated risks compared with
technologists who first performed
these procedures in 1960 or later. The
high risks of breast cancer mortality
for women exposed to occupational
radiation prior to 1950 and the sub-
sequent decline in risk are consistent
with the dramatic reduction in recom-

mended radiation exposure limits
over time. [J Natl Cancer Inst 2002;
94:943–8]

High-dose ionizing radiation has
been associated with increased breast
cancer risk among Japanese atomic
bomb survivors (1–3) and among pa-
tients who have received radiotherapy
(4), fluoroscopy, or repeated diagnostic
x-rays (5–7). However, limited data
exist regarding breast cancer risks
among healthy women who have had
chronic radiation exposures at low to
moderate doses. For example, although
cancer risks have been extensively
evaluated for men who work in the
nuclear industry (8,9), accurate esti-
mates of breast cancer risk among
women who work in the nuclear indus-
try are difficult to calculate because rela-
tively few women are so employed and
those that are have very low radiation
exposures (10). However, medical ra-
diation workers, who constitute 44% of
all radiation workers in the United
States and include a high proportion of
women, provide a unique opportunity to
study breast cancer risks in a healthy
population that has chronic exposure to
radiation (11–13). In the present inves-
tigation, we studied 69 525 question-
naire respondents of the 106 884 women
in a cohort of 146 022 U.S. radiologic
technologists who were certified from
1926 through 1982. Compared with ear-
lier reports on the U.S. radiologic tech-
nologist cohort (14,15), the present
analysis added 7 years of follow-up,
used more precise exposure surrogates,
and evaluated potential confounding
factors not previously examined in
analyses of mortality.

Technologists were eligible for this
study if they were certified by the
American Registry of Radiologic Tech-
nologists (ARRT) for at least 2 years
from 1926 through 1982 (15,16). Of
the 106 884 female technologists who
met the eligibility requirements, ap-
proximately 17 000 who were inactive
registrants as of 1982 were traced using
state and national databases (16). Cur-
rent addresses were available for active
registrants through annual recertifica-
tions with the ARRT. Deaths were iden-
tified through linkage with Social Secu-
rity mortality files or the National Death
Index; causes of death were obtained
from death certificates or from the
National Death Index Plus and were

coded according to the International
Classification of Diseases (17). A self-
administered questionnaire was sent to
the 99 234 female technologists who
were known to be living and for whom
a current address was available to ascer-
tain their lifetime work histories, repro-
ductive and family cancer histories,
and other lifestyle factors (16). There
were 69 525 respondents to the question-
naire. General characteristics and mor-
tality rates were similar among respon-
dents and nonrespondents (16). This
study was approved by the Institutional
Review Boards of the National Cancer
Institute and the University of Minne-
sota.

Person-years of follow-up were com-
piled from the date of questionnaire
completion to the date of death, last
known vital status, or January 1, 1998,
whichever occurred first. A total of
860 022 person-years were accumulated.
Poisson regression (18) was used to
estimate the relative risk (RR) of breast
cancer mortality in relation to work
history while adjusting for other covari-
ates in the regression model. Analyses
were stratified by attained age (a time-
dependent variable representing age at
each calendar year during the follow-
up period) in 5-year age groups, calen-
dar year of follow-up in 5-year catego-
ries, and race. Risks were calculated
for the total number of years each
subject worked as a radiologic technolo-
gist and the number of years each
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subject worked in the following calen-
dar periods—before 1950, 1950 through
1959, 1960 through 1969, and 1970
and later—to reflect potential secular

changes in recommended exposure lim-
its (19,20). All statistical tests were two-
sided, and P values for tests of trend
were calculated based on the estimated

slope of the corresponding continuous
variable (18).

Among the women included in this
study, 75% were born between 1940 and

Table 1. Relative risk* (RR) and 95% confidence interval (CI) of breast cancer mortality (with number of deaths) by year first worked,
duration of employment, and number of years worked in different time periods as a radiologic technologist among 69 451† female

respondents to the questionnaire

Year first worked

Total No. of years worked

Ptrend‡ All years worked<10 10–19 �20

1960 or later
RR (95% CI) 1.00§ 1.15 (0.76 to 1.73) 1.48 (0.81 to 2.69) (.38) 1.00�
P value¶ .520 .203
No. of deaths 42 57 17 116

1950–1959
RR (95% CI) 1.71 (0.92 to 3.18) 1.29 (0.65 to 2.55) 1.26 (0.67 to 2.38) (.10) 1.24 (0.77 to 2.00)
P value¶ .091 .471 .477 .375
No. of deaths 30 18 27 75

1940–1949
RR (95% CI) 3.15 (1.38 to 7.18) 3.49 (1.49 to 8.18) 2.02 (0.88 to 4.62) .84 2.44 (1.26 to 4.75)
P value¶ .006 .004 .098 .008
No. of deaths 16 13 16 45

1939 or earlier
RR (95% CI) 0.77 (0.09 to 6.36) 5.55 (1.96 to 15.71) 2.98 (1.05 to 8.44) .38 2.92 (1.22 to 7.00)
P value¶ .806 .001 .040 .016
No. of deaths 1 9 9 19

Ptrend‡ (.003) (.003) (.003) (.002)

All time periods
RR (95% CI) 1.00� 1.08 (0.80 to 1.45) 0.91 (0.65 to 1.29) (.38)
P value¶ .625 .607
No. of deaths 89 97 69 255

Calendar period of employment#

No. of years worked in each calendar time period

Ptrend‡0 1–4 �5

1949 or earlier
RR(95% CI) 1.00 2.17 (1.20 to 3.95) 2.08 (0.94 to 4.61) .018
P value¶ .011 .071
No. of deaths 37 35 29

1950–1959
RR (95% CI) 1.00 1.18 (0.75 to 1.85) 1.08 (0.62 to 1.87) (.81)
P value¶ .47 .79
No. of deaths 57 67 63

1960–1969
RR (95% CI) 1.00 1.06 (0.70 to 1.60) 0.97 (0.61 to 1.52) (.66)
P value¶ .78 .88
No. of deaths 63 79 106

1970 or later
RR (95% CI) 1.00 0.75 (0.48 to 1.17) 0.76 (0.53 to 1.09) (.172)
P value¶ .198 .137
No. of deaths 81 34 143

*All RRs were stratified for race, attained age, and calendar year of follow-up and were adjusted for age at menopause, age at first birth, and family history
of breast cancer. The analysis for all years worked was adjusted for the duration of employment, and the analysis for all time periods was adjusted for the year
of first employment.

†The questionnaires of 46 respondents contained insufficient information for analysis and were excluded. Subjects who reported that they were 65 years of
age or older at menopause (one breast cancer death and seven women without breast cancer) or who reported first working when they were younger than 10 years
old (20 women without breast cancer) were excluded from all analyses. Women with missing values for the year first worked and/or the number of years worked
(23 women without breast cancer) and women who never worked as a radiologic technologist (5 breast cancer deaths and 1052 women without breast cancer)
were included in this analysis and were coded as separate categories (estimates for these women are not shown in the table).

‡P for trend was based on the slope of the corresponding continuous variable; parentheses indicate negative slope estimates.
§Referent group for the joint analysis of the number of years worked and year first worked.
�Referent group for the separate analysis of number of years worked and year first worked.
¶P values were based on the Wald test statistic.
#Analyses were restricted to technologists who were 15–65 years old and therefore eligible for employment in the respective calendar time periods. Analyses

were adjusted for employment in other time periods.
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Table 2. Relative risk* (RR) and 95% confidence interval (CI) of breast cancer mortality (with number of deaths) among the
questionnaire respondents†, by year first worked, and number of years worked with specific procedures among radiologic technologists

who ever worked with the respective procedures

Year first worked

Total No. of years worked using specific procedure

Ptrend‡ All years worked<10 10–19 �20

Fluoroscopy

1960 or later
RR(95% CI) 1.0§ 1.12 (0.74 to 1.69) 1.13 (0.55 to 2.30) (.761) 1.00�
P value¶ .597 .741
No. of deaths# 61 38 9 108

1950–1959
RR (95% CI) 1.45 (0.84 to 2.50) 1.42 (0.76 to 2.63) 0.82 (0.39 to 1.72) (.234) 1.23 (0.77 to 1.95)
P value¶ .182 .269 .592 .384
No. of deaths# 40 21 11 72

1949 or earlier
RR (95% CI) 1.76 (0.86 to 3.62) 1.65 (0.72 to 3.75) 1.59 (0.73 to 3.47) .872 1.69* (1.02 to 3.11)
P value¶ .122 .236 .247 .088
No. of deaths# 20 11 14 45

Ptrend‡ (.067) (.068) (.067) (.068)

All time periods
RR (95% CI) 1.00� 1.07 (0.80 to 1.44) 0.83 (0.56 to 1.24) (.312)
P value¶ .653 .368
No. of deaths# 121 70 34 225

Multifilm**

1960 or later
RR (95% CI) 1.0§ 1.15 (0.76 to 1.75) 1.47 (0.77 to 2.80) (.850) 1.00�
P value¶ .514 .249
No. of deaths� 54 39 12 105

1950–1959
RR (95% CI) 1.63 (0.93 to 2.83) 1.58 (0.85 to 2.94) 1.17 (0.60 to 2.27) (.380) 1.38 (0.88 to 2.18)
P value¶ .087 .149 .642 .163
No. of deaths� 35 20 16 71

1949 or earlier
RR (95% CI) 2.10 (1.02 to 4.34) 2.53 (1.18 to 5.42) 1.00 (0.41 to 2.40) (.359) 1.87 (1.04 to 3.34)
P value¶ .045 .017 .997 .035
No. of deaths� 16 13 8 37

Ptrend‡ (.011) (.011) (.010) (.010)

All time periods
RR (95% CI) 1.00� 1.15 (0.85 to 1.55) 0.79 (0.53 to 1.18) (.151)
P value¶ .366 .247
No. of deaths� 105 72 36 213

Routine x-rays

1960 or later
RR (95% CI) 1.0§ 1.10 (0.72 to 1.67) 1.17 (0.63 to 2.19) (.797) 1.00�
P value¶ .661 .621
No. of deaths� 45 46 14 105

1950–1959
RR (95% CI) 1.45 (0.80 to 2.63) 1.25 (0.65 to 2.41) 1.11 (0.60 to 2.08) (.553) 1.17 (0.74 to 1.85)
P value¶ .219 .497 .734 .511
No. of deaths� 29 18 23 70

1949 or earlier
RR (95% CI) 1.45 (0.67 to 3.14) 1.74 (0.78 to 3.88) 1.28 (0.60 to 2.73) (.830) 1.37 (0.76 to 2.47)
P value¶ .351 .176 .515 .299
No. of deaths� 14 12 16 42

P value‡ (.088) (.088) (.088) (.088)

All time periods
RR (95% CI) 1.00� 1.06 (0.78 to 1.45) 0.93 (0.65 to 1.34) (.487)
P value¶ .702 .714
No. of deaths� 88 76 53 217

(Table continues)
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1959, 76% were first certified by ARRT
between 1960 and 1979, and 91% were
less than 30 years old at certification.
The average age at questionnaire
completion was 38 years and the aver-
age length of follow-up was 12 years.
Breast cancer risk was higher (RR �
1.28, 95% confidence interval [CI] �
0.86 to 1.89) among women who were
45 years old or older at menopause than
it was among women who were younger
than 45 years at menopause, and higher
among those who reported having any
relative with breast cancer than among
those without such a family history (RR
� 1.31, 95% CI � 1.00 to 1.72). The
risk of breast cancer increased with a
woman’s increasing age when she gave
birth to her first child (RR � 1.28, 95%
CI � 0.92 to 1.78 for first births at ages
25 to 29 years and RR � 1.40, 95% CI
� 0.92 to 2.14 for first births at age 30
years old or older, compared with
women whose first births were at ages
younger than 25 years) but was not as-
sociated with her age at menarche, the

number of live births she had, or the
number of mammograms she had re-
ceived.

The risk of dying from breast cancer
was statistically significantly higher for
technologists who were first employed
prior to 1940 (RR � 2.92, 95% CI �
1.22 to 7.00; P � .016) and for those
who were first employed between 1940
and 1949 (RR � 2.44, 95% CI � 1.26
to 4.75; P � .008) compared with those
first employed in 1960 or later (Table 1).
Risk of death from breast cancer in-
creased statistically significantly (P for
trend � .002) with decreasing calendar
year period that technologists first
worked (Table 1). The duration of em-
ployment as a radiologic technologist
was not associated with breast cancer
mortality in all time periods combined.
Nevertheless, breast cancer mortality in-
creased with an increasing number of
years worked prior to 1950 (P for trend
� .018) (Table 1). The lower breast
cancer mortality risk associated with
working in more recent calendar periods

may have been due to the effects of ad-
juvant therapy. However, we could not
control for adjuvant therapy effects, be-
cause we did not collect data on the use
of this form of treatment for breast cancer.

Risks were also higher among
women who first worked with fluoros-
copy (P � .088) or multifilm proce-
dures (P � .035) before 1950 than
among women who first worked with
those procedures in 1960 or later. Risk
was not associated with first performing
routine x-rays (P � .299) or with the
use of radium or other isotopes (P �
.507) before 1950 (Table 2). Risks were
not associated with the number of years
that technologists worked with these
procedures, either overall or within spe-
cific calendar periods. Risk of breast
cancer mortality was not associated with
the use of lead aprons or the frequency
with which technologists held patients
who received x-rays. Risks of breast
cancer mortality were similar for pre-
and postmenopausal women in relation
to work practice-related variables.

Table 2 (continued). Relative risk* (RR) and 95% confidence interval (CI) of breast cancer mortality (with number of deaths) among the
questionnaire respondents†, by year first worked, and number of years worked with specific procedures among radiologic technologists

who ever worked with the respective procedures

No. of years worked

<3 �3 Ptrend‡ All years worked

Radium/other radioisotope treatment

1960 or later
RR (95% CI) 1.00 1.01 (0.63 to 1.63) .798 1.00�
P value¶ .955
No. of deaths� 42 29 71

1950–1959
RR (95% CI) 1.28 (0.71 to 2.32) 1.37 (0.76 to 2.47) .170 1.28 (0.82 to 2.00)
P value¶ .409 .296 .281
No. of deaths� 19 19 38

1949 or earlier
RR (95% CI) 1.05 (0.31 to 3.54) 1.30 (0.52 to 3.24) .680 1.28 (0.62 to 2.65)
P value¶ .938 .569 .507
No. of deaths� 3 6 9

Ptrend‡ (.114) (.115) (.115)

All time periods
RR (95% CI) 1.00� 1.07 (0.75 to 1.54) .581
P value¶ .699
No. of deaths� 64 54 118

*All relative risks were stratified for race, attained age, and calendar year of follow-up (latter two are time-dependent) and were adjusted for age at menopause,
age at first birth, and family history of breast cancer. The analysis for all years worked was adjusted for the duration of employment using the specific procedure,
and the analysis for all time periods was adjusted for the year first worked with the specific procedure.

†We excluded 861 women from this analysis because their questionnaires contained inconsistent values for year of first work and duration of work for specific
procedures.

‡P for trend was based on the slope of the corresponding continuous variable; parentheses indicate negative slope estimates.
§Referent group for the joint analysis of the number of years worked and year first worked.
�Referent group for the separate analysis of number of years worked and year first worked.
¶P values were based on the Wald test statistic.
�Number of deaths is different for the different procedure types because technologists with unknown values and technologists who never worked with the

specific procedures are not shown.
**Multifilm procedures included gastrointestinal series, spinal x-rays, kidney-ureter-bladder films, and intravenous pyelograms.
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Breast cancer risks among female
Japanese atomic bomb survivors (1–3)
and among women undergoing repeated
diagnostic x-rays (6,7) have shown re-
markable age-dependence, with risks
being highest among women who were
younger than 20 years of age at the time
of exposure. Most (57%) of the women
in our study began working as radio-
logic technologists when they were be-
tween the ages of 18 and 24 years; only
9% began working as radiologic tech-
nologists at 25 years old or older (data
not shown). Compared with women who
began working at age 25 years or older
(29 breast cancer cases), the risks of
breast cancer mortality for women who
began working when they were younger
than 18 years, 18–19 years old, and 20–
24 years old were 1.46 (95% CI � 0.82
to 2.59; 82 breast cancer cases), 1.39
(95% CI � 0.80 to 2.43; 79 breast can-
cer cases), and 1.58 (95% CI � 0.93 to
2.66; 65 breast cancer cases), respec-
tively. The limited numbers of technolo-
gists who began working before the age
of 17 years or after the age of 30 years
precluded assessments of the breast can-
cer risks associated with occupational
radiation exposures in these age groups.

This cohort of radiologic technolo-
gists is one of the few radiation worker
cohorts that contain a substantial num-
ber of women (21–23) for whom indi-
vidual information on lifetime work his-
tory and cancer risk factors is available.
A previous study among 5400 female
Chinese medical x-ray workers who
were exposed to occupational radiation
between 1950 and 1985 found a 50%
increase in breast cancer risk compared
with hospital workers who were not ex-
posed to radiation; those exposed before
1960 had a 70% increased risk (21). Es-
timated occupational radiation expo-
sures are likely to have been higher
among the Chinese medical radiation
workers than among American medical
radiation workers during the same time
periods (13). Risk for breast cancer in-
cidence was elevated, though it was not
statistically significantly higher, among
3404 female Danish medical radiation
workers employed from 1954 to 1982
compared with risk among Danish
women in the general population (22).
However, risk was not higher among
101 164 women (35% of whom were
medical workers) in the Canadian na-
tional radiation worker registry who
were monitored from 1951 through

1983 than it was among Canadian
women in the general population (23).

Our study included a long follow-up
period, a wide range of work practices,
and sufficiently large numbers of tech-
nologists, which enabled us to make in-
ternal comparisons and thus minimize
potential biases due to the healthy
worker effect. It is difficult, however, to
disentangle the effects of other variables
(e.g., year of birth, attained age, and the
calendar year of follow-up) that might
also affect risk estimates. We performed
a similar analysis using breast cancer
mortality rates from the U.S. general
population to estimate the background
risks and found that, although the pat-
terns of risk were similar to those we
report here, the risk estimates them-
selves were somewhat smaller. Our
finding—that breast cancer mortality
was highest among technologists who
first worked in the earliest calendar pe-
riods—probably reflects changing expo-
sures to radiation over time. Recom-
mended exposure limits for medical
radiation workers decreased from 70
rem/year before 1934 to 30 rem/year in
1934, 15 rem/year in 1949, and 5 rem/
year in 1958 (24). This cohort, with its
large number of women, estimated wide
range of radiation doses received, and
the extensive information available on
risk factors, is uniquely suited to address
the risks of breast and other cancers that
are associated with long-term, low-dose
radiation exposure.
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